1. Urate synthesis and other metabolic characteristics of isolated chicken hepatocytes were studied. 2. The distinction is made between immediate precursors of the purine ring (glycine, glutamine, aspartate, formyltetrahydrofolate, bicarbonate) and ultimate precursors from which the immediate precursors are formed in the liver. 3. In hepatocytes from well-fed chickens the rate of urate synthesis was not greatly increased by the addition of amino acids or NH4CI, but in hepatocytes from 72 h-starved chickens the rate was much increased when alanine or asparagine was added as the only substrate. Other amino acids, when added alone, did not affect the rate. The exceptional effect of alanine and asparagine is due to the ready formation of the immediate precursors. 4. Conditions are described under which glutamine, serine, glycine plus formate, ribose and glucose increased the rate of urate synthesis. 5. At I mM-NH4Cl (a concentration not much higher than that of blood plasma) the rate of urate synthesis in the presence of lactate was increased, but higher concentrations inhibited urate synthesis in the presence of lactate or alanine; with alanine even 1 mM-NH4Cl was inhibitory. 6. Gludose synthesis from lactate, alanine or dihydroxyacetone was also inhibited by I mM-NH4CI. 7. NH4Cl inhibition of urate and glucose synthesis was paralleled by an increased rate of glutamine synthesis.
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Thus in the presence of NH4CI the gluconeogenic precursors are diverted from the pathway of gluconeogenesis to that of glutamate and glutamine synthesis. This implies that the synthesis of these amino acids is the primary process in the detoxication of ammonia in the avian liver. 8. Urate synthesis, like urea synthesis, can be looked on as a cyclic process with either phosphoribosyl pyrophosphate or ribose acting as the carrier on which the purine ring is assembled. 9. The energy requirements of urate synthesis depend on whether phosphoribosyl pyrophosphate is regenerated from IMP by pyrophosphorylase or by phosphorylation and pyrophosphorylation of ribose. It is 6 or 9 pyrophosphate bonds of ATP respectively.
The starting point of this work was the intention to use isolated hepatocytes from chicken liver for the study of the rate-limiting factor in uric acid (i.e. purine ring) synthesis. The immediate precursors, as well as the ultimate precursors, of the purine ring are known (see Tables 1 and 2 ), but information on the factors that determine the rate of the purine-ring synthesis in the intact cell is limited. Barratt et al. (1974) found in the perfused chicken liver that the synthesis of uric acid was only marginally stimulated by the addition of the immediate precursors, i.e. glycine, glutamine, aspartate or NH4CL. In the present experiments on isolated hepatocytes the addition of the immediate precursors listed in Table 1 gave substantial increases in the rates of uric acid synthesis. Unexpectedly, the addition of NH4C1 above I mm strongly inhibited purine-ring synthesis and also gluconeogenesis, by promoting the synthesis of glutamine and thereby diverting carbon away from both the formation of the immediate precursors for urate and from gluconeogenesis. Thus the primary reaction disposing of excess of ammonia and controlling the concentration of ammonia in chicken liver is the synthesis of glutamine, with glutamate as an intermediate.
Materials and Methods

Chicks
Male Rhode Island Red x Light Sussex chicks (5-7 weeks old) were obtained from Orchards Farm, Great Missenden, Bucks., U.K., and were fed on Chick Starter Crumbs ACS, BOCM Silcock, Basingstoke, Hants., U.K. Before the preparation of the cells the birds had been starved for 48 or 72 h because this increased the rate of urate synthesis.
Preparation of isolated liver cells and incubation conditions
Preparation of the cells was essentially by the method of Berry & Friend (1969) as described by Cornell et al. (1973) and Krebs et al. (1974) . Because of the absence of a diaphragm in the avian body, a modification to the cannulation technique was necessary. To minimize the anoxic period between the opening of the body cavity and the start of the perfusion, a cannula was stuck through the heart into the inferior vena cava, and tied so that it rested just proximal to the entry of the hepatic vein. The perfusion of oxygenated medium was begun immediately after the insertion of the cannula, and the portal vein was cut to allow the perfusion medium to flow through the liver. The gizzard and intestines were then removed to form a cavity into which the perfusion medium drained. The first 90ml of the perfused medium was discarded. After this I 10ml of perfusion medium containing 20mg of collagenase was recirculated through the liver for 15 min. The liver outflow was returned to the reservoir by a roller pump. Soling et al. (1973) and Barratt et al. (1974) perfused the avian liver by the portal vein. Perfusion in the reverse direction was preferred because it made it possible to shorten the anoxic period of the liver. The perfusion of oxygenated medium began within 2 min of opening the body cavity. This does not imply that the liver had been anoxic for 2min, because the vessels contained circulating blood; the heart was beating until the insertion of the cannula.
Cell suspensions were handled in the same manner as described by Krebs et al. (1974) including the measurement of 02 consumption, with about 50mg wet wt. of cells per 4ml. The rates of all the metabolic Table 1 . Immediate precursors of the purine ring in avian liver Data for the purine-ring precursors are from several sources Sonne et al., 1946 Sonne et al., , 1948 Buchanan et al., 1948 (Bergmann & Dikstein, 1954) , and dissolving the precipitate in 0.15 ml of ethanolamine, followed by the addition of 0.45ml of methanol (Barratt et al., 1974 Table 3 ). The highest rates on addition of single substrates were observed in the presence of either alanine or asparagine. Other amino acids, including serine and glycine (see Table  3 ), did not increase the endogenous rate when added Table 1 . Although these precursors can also be formed from glutamine and from serine or glycine, the pathways involve more steps and are not as rapid as those from alanine and asparagine. Addition of glutamine caused major increases in the rate when either serine or glycine plus formate were also present. Glutamine caused a small increase in the presence of alanine, and when glutamine and alanine were present together the addition of glycine plus formate gave a significant increase, but there was no effect when glycine or formate or serine was added alone with glutamine and alanine. This implies that in the presence of glutamine and alanine the formation of glycine and formyltetrahydrofolate is a rate-limiting step. The addition of ribose or glucose gave rise to small but significant increases in the rate when serine plus glutamine or serine plus formate plus glutamine were present. Although ribose nucleotides and nucleosides are Vol. 172 intermediate stages in urate synthesis the ribose moiety is eventually released again so that it can act catalytically. Hence only small amounts of ribose are required and this may explain why the addition of ribose or its precursor glucose have only a slight effect.
The highest rates of urate synthesis were much lower in terms of ammonia detoxicated than those in rat liver (2.5 pmol of NH3/min per g removed compared with 10,umol of NH3 in rat liver). The rates in the present experiments were considerably higher than those found with chicken liver slices (Benzinger & Krebs, 1933) , but of the same order as the rate of hypoxanthine synthesis under optimum conditions in pigeon liver (Orstrom et al., 1939) and about twice as high as that observed in perfused chicken liver (Barratt et al., 1974 Effect ofNH4CI on chicken liver metabolism When NH4C1 was the only added nitrogenous precursor the rates of urate synthesis were lower than in the presence of alanine or asparagine, with either lactate or dihydroxyacetone as carbon source (Table 5 ). In the presence of lactate the rates of urate synthesis were lower at 5 mM-and lOmM-NH4CI than at 1 mm. In the presence of alanine even 1 mM-NH4C1 was inhibitory. NH4CI at 1 mm or higher concentrations also inhibited gluconeogenesis from lactate and increased the accumulation of glutamine and (to a lesser extent) of glutamate ( Table 6 ). The lactate carbon removed accounted for as glucose, glutamine, glutamate and pyruvate was the same both in the presence and in the absence of NH4CI. Thus NH4C1 diverted lactate metabolism from glucose to glutamine synthesis.
As the acetyl-CoA required for the synthesis of glutamate and glutamine from lactate (via pyruvate, oxaloacetate, citrate and a-oxoglutarate) in all probability is derived from lactate, the flux through pyruvate dehydrogenase must have been accelerated by Haussinger et al. (1975) .
Dichloroacetate, which activates pyruvate dehydrogenase (Whitehouse & Randle, 1973) , increased glutamine synthesis and brought about a further inhibition of gluconeogenesis in the presence of NH4Cl (Table 7) . Thus dichloroacetate diverted more pyruvate from carboxylation to dehydrogenation. Again, the lactate carbon atoms removed, accounted for as glucose, glutamine, glutamate and pyruvate, were about the same in the absence and in the presence of NH4CI.
With alanine as the substrate, gluconeogenesis was inhibited already by I mM-N H4Cl, whereas the synthesis of glutamine was increased (Table 8 ). The decrease in glucose formation was matched by an increase in the yields of glutamate and glutamine so that the sum of glucose plus glutamate plus glutamine remained approximately constant. Vol. 172
In the presence of dihydroxyacetone gluconeogenesis was inhibited by I mM-, 5mM-or 10mM-NH4CI (Table 9 In liver from starved rats the increase in ketonebody formation on addition of acetate is hardly significant in relation to the control value of about 0.5pmol/min per g wet wt. (J. Medina, unpublished work; see also Cederbaum & Rubin, 1975 02 consumption in relation to energy requirements When lactate was the only substrate the rate of 02 consumption increased about 3-fold over the control, and the extra ATP supplied by the additional 02 consumption agreed very closely with the extra ATP required on the basis of the assumptions defined in the legend of Table 11 . This agreement between maximum efficiency of oxidative phosphorylation and of ATP utilization shows that substrate cycling was minimal. In the isolated perfused rat liver and pigeon liver the efficiency of glucose synthesis from lactate is below the calculated minimum (Hems et al., 1966; Williamson et al., 1969; Soling et al., 1973) . It is also lower in rat kidney-cortex slices (Krebs etal., 1963) .
When lactate together with NH4Cl were the substrates the rate of extra ATP formation was somewhat higher than expected. As the amount of urate formed was small no significant error would arise if the ATP requirement of urate synthesis were 9 rather than 6 ATP per molecule. In the perfused rat liver the addition of a nitrogenous substrate (NH4CI) also decreases the efficiency of ATP utilization (Hems et al., 1966) .
Discussion
Supply of immediate precursors of the purinie ring The effects of added substances on the rate of urate synthesis were on the whole as expected on the basis of the existing knowledge of the pathway of purine synthesis. It is one of the functions of the avian liver to produce the immediate precursors from the ultimate precursors supplied by the portal blood and the hepatic arteries. When 4 molecules of NH3 are converted into urate 1 molecule of glycine, 2 molecules of glutamine, I molecule of aspartate and 2 molecules of formnyltetrahydrofolate are required.
The amino acid mixture reaching the liver, plus the hepatic formation of glycine and formyltetrahydrofolate from serine and from histidine, does not supply sufficient amounts of glycine, glutamine and tetrahydrofolate derivatives. These substances must therefore be synthesized by the liver. The ready synthesis of glutamine from pyruvate in avian liver, with 2-oxoglutarate as an intermediate, has long been known (Orstrom et al., 1939; Evans, 1940) , the rate being three to five times higher in avian than in rat liver. When this was discovered the significance of glutamine synthesis in avian liver was not understood. It is now evident that it is an essential step in the synthesis of urate.
Similarly the relevance to purine synthesis of the high capacity of the pathway from carbohydrate Willis & Sallach (1964) and Walsh & Sallach (1966) does not seem to have been appreciated by the discoverers.
The fact that alanine as the only added substrate promotes urate synthesis more effectively than any other single amino acid except asparagine is of interest in connection with the predominance of alanine (and glutamine) in the blood reaching the liver. In the mammalian body much of the nitrogen derived from the degradation of amino acids in the peripheral tissues is transported to the liver in the form of alanine and glutamine (Marliss et al., 1971 ). In addition the portal blood supplies alanine formed from glutamate, glutamine and aspartate in the intestinal wall (Neptune, 1965; Windmueller & Spaeth, 1974) . It is likely that this holds also for the avian organism. It is therefore significant that alanine, though it is not an immediate precursor of the purine ring, is an effective ultimate precursor.
Effect of NH4CI
The inhibitory effect of NH4CI both on urate synthesis and on glucose synthesis from lactate or alanine and the parallel acceleration of glutamine (I) IMP+PP, synthesis indicate that regulatory mechanisms are so arranged that NH3 detoxication takes precedence over other metabolic processes, especially gluconeogenesis and the provision of the carbon precursors of the purine ring. Thus oxaloacetate, instead of forming phosphoenolpyruvate, is used for the synthesis of excess of 2-oxoglutarate, which binds NH3 by forming glutamate and glutamine. Dihydroxyacetone is also diverted from the aldolase reaction (after phosphorylation) to form pyruvate and eventually 2-oxoglutarate.
The implication is that the synthesis of glutamate and glutamine is the primary process in the detoxication of NH3. The subsequent synthesis of urate and its excretion has two major physiological advantages. It In non-uricotelic organisms, when purine synthesis serves only to supply purine nucleotides, synthesis is regulated mainly through feedback inhibition of phosphoribosyl pyrophosphate amidotransferase (EC 2.4.2.14) by adenine and guanine nucleotides (Wyngaarden & Ashton, 1959) . Thus, when enough adenine and guanine nucleotides are present further synthesis of purine ceases. In uricotelic organisms there must be additional regulatory mechanisms because urate synthesis from excess of nitrogen must go on even when the cells have their full complement of nucleotides. According to Caskey et al. (1964) the controlling factor is the concentration of glutamine, the primary product of NH3 detoxication: glutamine reverses the inhibition of phosphoribosyl pyrophosphate amidotransferase by nucleotides. 
